ABSTRACT
Umklapp processes (U-processes) are scattering processes among elementary excitations in crystals where momentum conservation is fulfilled with a contribution from the lattice (1) . Their existence has fundamental consequences on transport properties. More specifically, U-processes of phonons in crystals determine the finite thermal conductivity, and are involved in the electron-phonon coupling phenomena with implication on the electrical resistivity and the electronic contribution to the heat capacity. These U-processes are understood in crystals, where they are associated with the lattice periodicity. Their existence in a topologically disordered system is matter of debate -They are unexpected because of the absence of long range order, but, one could also imagine that just local order could support them, at least for those phonon-like excitations observed in disorder systems at wavelengths comparable to the inter-particle separation.
In this Letter, we report the observation of U-like-processes in liquid lithium. Using Inelastic X-ray Scattering (IXS), we observe that the phonon-like acoustic excitations of this topologically disordered system are 'reflected' by the quasi-periodicity responsible for the First Sharp Diffraction Peak (FSDP) in the static structure factor.
Transport properties in a material determine the flow of characteristic quasi-particles induced by an external field (temperature gradient, electric field, etc.). In an ideal infinite perfect crystal, with no lattice imperfections, impurities and surface effects, the existence of a stationary flow is a consequence of interactions among quasi-particles and of U-processes. The interaction is necessary to exchange energy and momentum, and, in particular to allow scattering processes as k 1 ,k 2 →k 3 , where k is the quasiparticle momentum. However, as the total momentum is conserved (k 1 +k 2 =k 3 ), the interaction alone is not sufficient to reach equilibrium. This is possible thanks to the Uprocesses. Their fundamental role is to open further scattering channels where the momentum of the quasi-particles in the initial state is different from that of the final state. The difference, necessary for the total momentum conservation in the scattering event, is supplied by the crystal periodicity via the reciprocal lattice vectors G: k 1 +k 2 =k 3 +G . Therefore, it is evident that the concept of U-process is intimately related to the existence of a periodic lattice, via the vectors G, and to the periodic repetition of the crystal quasi-particles dispersion relation in successive Brillouin zones.
In crystals, particularly important excitations are the phonons. Phonon U-processes are, for example, directly responsible for the thermal conductivity in insulators. It is firmly believed that also in disordered systems the thermal transport properties are determined by the excitation spectrum of the density fluctuations (2) . In particular, in glasses, the effect of the disorder on the collective dynamics is supposed to be responsible for the The behavior of the excitations dispersion relation in disordered materials, with its similarity to the crystalline case, induces to speculate that also in these systems is possible to define a pseudo-Brillouin Zone, whose first replica covers the region 0 < Q < G FSDP / 2. Pushing further this speculation into higher order Brillouin zones, one may expect that U-like processes also exist in disordered systems.
The previous concepts are pictorially illustrated in Fig. 1 for the one-dimensional case.
Here, the dashed line sketches an acoustic phonon dispersion relation E(Q) in a perfect chain with lattice constant a. This dispersion relation periodically repeats itself with a period G=2π/a. In the same plot, we also sketch the static structure factor S(Q), which in such a periodic system corresponds to Bragg peaks at Q values G n =2πn/a (full vertical line). Let's imagine now performing the following scattering experiment in such a perfect chain: as shown by the dash-dotted line in Fig 1a, we scan the exchanged momentum at the fixed energy E 0 . We will observe a sharp peak, the Brillouin peak, at
, where v is the sound velocity and Q is low enough to be in the linear dispersion region. This peak will also be observed at
, where G is any of the reciprocal lattice vectors. The presence of these others peaks, the Umklapp peaks, is due to the fact that the phonon momentum is defined to within a reciprocal lattice vector. Naively, one can says that the phonon of momentum 0 Q is "reflected" by the lattice (or by the Bragg peak at G Q = ) and its signature in the spectrum of the reflected phonons is the appearance of peaks, other than at 0 Q , on the two sides of the Bragg peak, i. e. at 0 Q G ± . In Fig. 1b , we report an attempt to translate such scattering experiment from a periodic array into a disordered chain. Supposing for the time being that the excitations in such "glassy" system were phonon-like plane waves, one still , the spectra I(Q,E) can be put on an absolute scale -thus deriving the S(Q,E) -using the well known sum rules of the dynamic structure factor (19) . This procedure has been exploited elsewhere (17) . In the present work we prefer to report the raw data to emphasise the direct observation of the inelastic features without any manipulation. In Fig. 2 the spectra have been normalised to an arbitrary value such that their intensity is comparable to that of the S(Q) in the high Q region.
The spectra in Fig. 2 show in the small Q region a Brillouin peak that increases its Q position and width with increasing energy. More importantly, the spectra show also other inelastic peaks at higher Q values (marked by the arrows). This ensemble of inelastic features can be interpreted within the same framework as the one sketched in This behaviour, as previously emphasised in Fig. 1b , is precisely the one expected in presence of Umklapp peaks. These data, therefore, provide a compelling evidence that the U-processes are active also in disordered systems and show that the effect of disorder can be framed within the qualitative model presented in Fig. 1b . In this respect, in fact, the Umklapp peak at G FSDP -Q 0 is considerably broader than the Brillouin peak at Q 0 . This broadening is also responsible for the even more reduced visibility of the Umklapp process in the third pseudo-Brillouin zone that is expected at G FSDP + Q 0 . We notice however that this second family of Umklapp peaks at G FSDP + Q 0 is nevertheless observable in the limit of large E as emphasised by the dashed arrows.
In conclusion we have shown that in a system without any periodic order as a monatomic liquid, one observes inelastic excitations that can be interpreted as the noncrystalline counterpart of Umklapp peaks. These peaks are no-longer sustained by the periodicity of the lattice -as in crystals-but are due to the "reflection" of the wave-like (Brillouin) excitations from the short range order that still exists in the disordered material. Contrary to the crystalline case, however, the presence of disorder is responsible for an increasingly large broadening of these Umklapp peaks with increasing momentum. As in crystal, on the other hand, the present observation allows to speculate that the Umklapp processes play an important role in the transport properties of disordered materials. 
